C atheter-based cerebral angiography and embolization are important tools for the management of cerebrovascular and head and neck vascular abnormalities. Digital subtraction angiography (DSA) is still considered the gold standard for the diagnosis of intracranial vascular pathologies, and these conditions are increasingly being treated through endovascular approaches. Although safety profiles for diagnostic and interventional neuroendovascular procedures in adults have been described, 2, 4, 5, 11, 12, 14, 16, 23, 24, 30, [32] [33] [34] 36, 38 the complication rates for children during and after such procedures have not been well established. Children have unique anatomy and physiology, which renders cerebral angiography and intervention more challenging than analogous procedures in adults. Small access-vessel size constrains the choice of guide catheters and may lead to increased risk of vascular injury, which can result in short-term and long-term morbidity, such as leg-length discrepancy. These procedures have contrast and radiation dose limitations according to patient age and weight. Intracranial target vessels are also smaller in caliber than those in adults and are therefore more vulnerable to thrombosis from partial obstruction, abbreviatioNs AVF = arteriovenous fistula; AVM = arteriovenous malformation; DSA = digital subtraction angiography; VOGM = vein of Galen malformation. obJect The safe treatment of children using catheter-based angiography and embolization poses unique challenges because of the technical factors regarding the size and fragility of access and target vessels, as well as unique pediatric cerebrovascular pathologies. The complication rates for neurointerventional procedures in children have not been established. methods The records of a consecutive cohort of pediatric patients who underwent neuroangiography and/or embolization between 2007 and 2013 were reviewed retrospectively to identify both intraprocedural and postprocedural complications. Demographic and clinical risk factors were analyzed with a multivariate logistic regression model. results The 697 consecutive procedures consisted of 429 diagnostic angiograms and 268 embolizations (mean age of patients 11.1 years; range 4 days to 18 years; 217 females). There were 130 intracranial, 122 extracranial, and 16 spinal embolizations. Pathologies included 28 intracranial arteriovenous malformations (AVMs), 12 spinal AVMs, 19 aneurysms, 29 vein of Galen malformations, 29 dural arteriovenous fistulas, 96 extracranial AVMs, 39 tumors, 3 strokes, and 13 others. Overall, 2 intraprocedural and 1 postprocedural complication (0.7%) occurred in the diagnostic group, all of which were nonneurological events. In the embolization group, 7 intraprocedural and 11 postprocedural complications (6.7%) were observed. Of these complications, 15 were nonneurological events (5.6%), 1 was a short-term neurological event (0.4%), and 2 were long-term neurological events (0.7%). coNclusioNs Neither the technical challenges posed by children's access and target vessels nor the unique neurovascular pathologies seen in children need result in an elevated morbidity rate related to neuroangiography and embolization. At a dedicated high-volume center, the complication rates may be lower than those for comparable procedures performed in adults.
and they are more fragile, especially early in life. Recent reports have described the risks of endovascular embolization in children with specific individual diagnoses, 1, 6, 10, 31 but an overall evaluation of the safety profile of all neurointerventional procedures in children has not been performed. In the present study, we reviewed our experience with diagnostic cerebral angiography and neurointerventions in children to assess whether the aforementioned challenges translate into an elevated morbidity rate in pediatric patients.
methods

Patient selection
This study included a consecutive cohort of pediatric patients at a specialized children's referral center who underwent cerebral angiography and/or neurointerventions between September 2006 and October 2013. Cases that involved non-catheter-based procedures, such as sclerotherapy, were not included in the cohort. In accordance with an institutional review board-approved protocol, a patient database was created, and data were collected prospectively and reviewed retrospectively to obtain demographic and clinical information such as age, sex, vascular pathology, symptoms, and results of radiographic studies, including CT, MRI, MR angiography, and DSA. Both intraprocedural and postprocedural complications were identified, and each such event was categorized as a nonneurological, transient neurological, or long-term neurological complication.
Each patient who underwent embolization was routinely seen for follow-up 1-2 weeks after the procedure and, depending on the nature of the vascular pathology, for long-term follow-up at intervals from 3 months to 1 year. Any report by a patient or his or her parents of a neurological change or any demonstration of a change from baseline on neurological examination at follow-up triggered a formal consultation by our neurology service. Data from the clinical follow-ups, the durations of which ranged from a minimum of 6 months up to a maximum of 92 months, were available for all the patients during the preparation of this article. The radiation dosage and projected stochastic effects of radiation exposure for each patient were also recorded as part of the complication analysis for some of this cohort; these results were reported separately. 22 
Neuroangiography and embolization Protocol
All interventional procedures and the overwhelming majority of diagnostic procedures were performed with the patient under general anesthesia. To reduce accessrelated femoral complications, a micropuncture technique and ultrasound guidance were routinely used. For infants who underwent re-treatment, the puncture sites were usually switched to avoid accessing the same femoral artery. Groin sheath and access catheters were always flushed continuously with heparinized saline (the flow rate was minimized to avoid fluid overload), and systemic heparin (20-50 U/kg) was given during the neurointerventions (barring acute hemorrhagic presentation). Nonionic lowosmolality contrast material was used, and the dosage was limited to 7 ml/kg. Standard fluoroscopy and angiographic runs were performed with 50% contrast. The intraprocedural fluid status was monitored by the anesthesiology team, and children were normally placed on regular maintenance intravenous fluids at a dose based on body weight. Arterial closure was achieved by manual compression, and a deep extubation technique was used to minimize coughing and limb movement during the 4 hours of postprocedural recumbency spent in the postanesthesia care unit. Moreover, multiple mechanical and operator-dependent variables were optimized (e.g., tight collimation, pulsed fluoroscopy, aggressive filtration, automated dose control) to reduce radiation exposure. These protocols were described in previous reports. 7, 22 complication analysis
For the purposes of this paper, we considered a complication to be a clinical event, and angiographic events with no clinical sequelae, such as an intraprocedural vasospasm that responded quickly to an administered calcium channel blocker, were not included in the complication tally. Differences in demographic and clinical characteristics were examined by using chi-square and 2-tailed t-tests for binary and continuous variables, respectively. The association between demographic and clinical risk factors and the periprocedural complication rate was evaluated with chi-square and univariate regression analyses. Multivariate logistic regression was used to calculate the odds ratios (ORs) and 95% confidence intervals (95% CIs) for the likelihood of complications after adjusting for age, sex, pathology, type of intervention, and re-treatment status. By "neurological complication," we refer to an adverse event that involved the CNS; thus, for example, a patch of skin with decreased sensation after embolization of a facial AVM was considered a nonneurological complication. The types of intervention were categorized as intracranial embolization, extracranial embolization, or spinal embolization, based on the site of primary pathology. Re-treatment status indicated whether a procedure was the first intervention for a particular patient or a repeated endeavor. Statistical significance was defined as a Type I error (< 0.05). All statistical analyses were performed using SAS version 9.2 (SAS Institute, Inc.) and Excel 2007 (Microsoft Corp.).
results
Between September 2006 and October 2013, 697 consecutive neuroangiographic procedures were performed by one operator on 394 pediatric patients at our institution, and data were collected in our database; 429 of them were diagnostic angiograms, and 268 were neurointerventions. Demographic information is summarized in Table 1 . The mean age of patients at time of the procedure was 11.1 years (range 4 days to 18 years), and 341 procedures were performed on female patients. Although more than half of the procedures involved children more than 10 years of age, the cohort also included 53 patients younger than 1 year, 13 of whom were less than 3 months old at the time of the procedure.
A variety of vascular and nonvascular pathologies were treated, and the angiographic diagnoses for the neurointerventional procedures are listed in Table 2 . There were 130 interventions for intracranial lesions, including 29 vein of Galen malformations (VOGMs), 28 arteriovenous malformations (AVMs), 29 arteriovenous fistulas (AVFs), and 19 aneurysms. Fifteen procedures were performed to deliver intraarterial chemotherapy for retinoblastoma. Extracranial vascular malformations were treated with embolization (99 cases), and the majority of the 22 extracranial tumors that were embolized were juvenile nasopharyngeal angiofibromas. The spinal vascular lesions consisted of 12 spinal AVFs or AVMs.
Overall, periprocedural complications occurred in 21 patients (3.0%) in the entire cohort: 3 (0.7%) in the diagnostic group and 18 (6.7%) in the intervention group (Table  3 ). The majority of them were nonneurological events, such as groin site bleeding necessitating longer manual pressure (4 cases), hair loss likely related to positioning (3 cases), and brief intraembolization bradycardia from trigeminocardiac reflex (3 cases, with the first reported in a separate publication).
26 One 14-month-old boy had a retained stretched and sheared microcatheter after Onyx embolization of infantile myofibromatosis in his neck, and his case was reported in a separate publication. 25 A mild contrast reaction occurred in 2 children, and no patients developed contrast medium-related nephropathy. One patient, a 1-year-old girl with a VOGM who underwent transarterial embolization, experienced a postoperative transient neurological deficit, waking up with intermittent right lateral gaze palsy. This condition resolved completely without intervention within several hours after the procedure, and the patient was at her neurological baseline during the follow-up visits. There was 1 case of decreased femoral pulse at the access site that lasted for several weeks in a 3-month-old patient who underwent tumor embolization, but it resolved to baseline by 6 weeks (ultrasound revealed vessel patency). No long-term lower-extremity complications, such as iliofemoral injury or leg-length discrepancy, as reported in a separate publication, 7 occurred in our cohort.
There were 2 long-term neurological complications (0.7%); a 16-year-old girl developed intracranial hemorrhage after technically uncomplicated preoperative embolization of a brain AVM and required emergent craniotomy, and a 17-year-old girl with dwarfism related to Seckel syndrome and moyamoya disease suffered a thromboembolic event during aneurysm coiling. The former patient had near-complete recovery from the adverse event and had minimal long-term morbidity (she initially had hemiparesis and ultimately recovered her normal strength but had residual mild hyperreflexia). The latter patient had permanent neurological morbidity (hemiparesis).
Univariate analyses were conducted to identify risk factors associated with any complications and factors associated specifically with neurological complications; the results are shown in Table 4 . In terms of complications overall, females were more likely than males to have periprocedural complications (8.9% vs 4.2%, respectively; p = 0.02), and first-time interventional procedures were associated with a higher rate of complication than re-treatments (9.6% vs 3.0%, respectively; p = 0.01). Those with a diagnosis of tumor or AVF carried a higher risk of complication. Patients who underwent intracranial embolization had a statistically significantly higher rate of complication than those who underwent extracranial or spinal embolization (10.0% vs 3.3% and 0.0%, respectively; p = 0.04). A trend toward young (3 months to 1 year old, 8.7%) and very young (< 3 months old, 14.3%) patients having more nonneurological complications than older children was observed, although statistical significance was not reached.
In terms of neurological complications specifically, all 3 were in female patients (p = 0.007). No evidence suggested that young age was a factor in neurological complications; 2 of the 3 events occurred in children > 10 years of age. Intracranial embolization may carry a higher risk of neurological complications than extracranial embolization and spinal embolization, although this difference was not statistically significant (2.3% vs 0.0% and 0.0%, respectively; p = 0.24).
In a multivariable logistic regression model, age, sex, pathology, re-treatment status, and type of intervention were evaluated as independent variables. Intracranial embolization (OR 8.5; 95% CI 1.86-39.2) and diagnosis of tumor (OR 6.8; 95% CI 1.32-35.6) were associated with any periprocedural complication, whereas young age, female sex, and re-treatments were not significant risk factors (Table 5) .
discussion
With growing recognition of pediatric cerebrovascular disorders and advances in the endovascular armamentar- ium, catheter-based cerebral angiography and neurointerventional procedures have been performed with increasing frequency in children. 3 However, nearly all clinical trials related to neuroendovascular treatments are conducted in adult populations, [17] [18] [19] [20] 35 which results in a paucity of information regarding the neuroendovascular safety profile in children. Not only are pediatric patients anatomically and physiologically different from adults, they also harbor unique cerebrovascular pathologies rarely seen in adults (e.g., VOGMs), and either of these factors can theoretically affect procedure-related morbidity. Therefore, it is impossible to extrapolate the safety profile of cerebral angiography and neurointerventions from adults to children.
Three previous studies reported on the safety of diagnostic cerebral angiography at high-volume pediatric centers. Burger et al. 3 retrospectively reviewed 241 consecutive diagnostic angiograms in 205 children and reported no intraprocedural complications, 2 minor postprocedural complications (groin site bleeding), and 1 postprocedural hemorrhage (0.4%). Wolfe et al. 37 reviewed a series of 46 cerebral angiograms on 42 patients and reported no periprocedural complications. Hoffman et al. 9 reviewed a series of 309 cerebral angiograms performed in 87 children < 36 months of age; 292 of the angiograms were performed for intraarterial chemotherapy. They reported a nonneurological complication rate of 2.9% and no neurological complications. Our results in the diagnostic group of our series (429 angiograms) corroborate and extend these findings, with 2 minor intraprocedural events (contrast allergy) and 1 postprocedural event (hair loss), for a total complication rate of 0.7%, and they all resolved without long-term consequences. We saw no neurological complications, and there were no deaths. These results collectively suggest that diagnostic cerebral angiography can be conducted safely at high-volume centers with an extremely low risk of vascular or systemic complications in children, even those of a very young age.
In addition, a number of recent studies focused on the perioperative risks of specific endovascular interventions in smaller cohorts of children and reported relatively high morbidity. Saraf et al. 27 treated 23 cerebral aneurysms in children with endovascular embolization and reported 3 postprocedural ischemic strokes and 1 hemorrhage (17%). Ashour et al. 1 performed 105 Onyx embolization procedures on 69 pediatric patients with a vascular lesion or tumor and reported 25 total complications, including 7 cases of ischemic stroke, 3 hemorrhages, and 3 vessel perforations. In contrast, the rate of long-term neurological complications in our interventional group was extremely low (0.7%). The 2 cases of major complications in our cohort exemplified different aspects of the technical challenges related to neurointerventions in children. In 1 case, the patient was a 17-year-old girl with a history of dwarfism related to Seckel syndrome (she weighed 14 kg) and of moyamoya syndrome. The patient underwent endovascular coiling for an unruptured growing posterior communicating artery aneurysm and suffered intraprocedural parent vessel thrombosis. Although this complication can certainly occur in adults, the unique anatomy in this patient posed severe technical challenges that increased both the risk of thrombosis and the difficulties around attempted rescue maneuvers. In contradistinction, the other patient was a 16-year-old girl with a right frontal AVM who underwent technically uneventful elective preoperative embolization in preparation for resection the following day; she suffered intracerebral hemorrhage overnight and required emergent craniotomy and resection. This type of complication is in no way unique to children, with the adult literature reporting the risk of postembolization hemorrhage after AVM embolization to be 4%-12%. 8, 13, 21, 23, 31 Putative causes of postembolization hemorrhage in adults, such as a high volume of embolic agent administered, 23 are likely equally applicable to children. In our experience, several factors contributed to the low complication rate after the neurointerventions we report here. First, our approach is intrinsically interdisciplinary; literally every case is reviewed by our team, with both open surgical and endovascular options weighed; with the full panoply of options available at our institution, we are not biased toward one approach over the other. Second, information available from cross-sectional imaging is maximally used to avoid unnecessary vessel access, angiographic runs, and, in some circumstances, diagnostic angiography altogether. Rather than adopting adult goals, we design our treatment goals to be age appropriate and tailored specifically for children (e.g., staging embolization of a complex high-flow AVM or AVF to avoid massive hemodynamic shifts). Careful padding is essential to avoid positioning-related iatrogenic adverse events. Heavy emphasis is placed on frequent, open, and thorough communication among the team of dedicated pediatric care providers during preprocedural planning, intraprocedurally, and postprocedurally.
In terms of technical approach, fastidious adherence to our protocol for managing groin access as a function of patient age and weight protected the patients in our cohort against permanent iliofemoral injury or leg-length discrepancy, as we previously reported. 7 Similarly, we adhered rigorously to a contrast dose limit of 7 ml/kg to avoid iodinated contrast nephropathy and neurotoxicity. There has been no systematic study of appropriate dose limits for iodinated contrast for neuroangiography in children; the widely accepted norms for dose limits currently used throughout radiology are based on an expert committee opinion published in 1977, 29 with no explicit scientific ba- 28 with administered doses of contrast up to a maximum of 16.8 ml/kg, reported only 2 cases of morbidity attributable to contrast; neither of these patients were in the quartile with the highest contrast dose (> 6 ml/kg, 580 cases). Using this dose limit of 7 ml/kg, we have encountered no cases of contrast-related nephropathy or neuropathy. Finally, there may be no substitute for a practice environment with a team that is devoted nearly exclusively to treating children and therefore performs pediatric neuroangiography and embolization procedures on a regular basis.
Considering all types of periprocedural complications, we found that females carried significantly higher risk than males and that intracranial embolization presented higher risk than extracranial or spinal embolization. Considering neurological complications in particular, female sex was again a statistically significant factor. It is interesting to note that a perhaps related observation was reported from the study of a large cohort of patients who underwent coronary angiography; women were found to have a significantly higher risk of periprocedural complication.
15
Children who underwent repeat interventions had a lower risk of overall complications than those who were undergoing their first interventional procedure. Age, surprisingly, was not a statistically significant factor for periprocedural or neurological complications according to the univariate and multivariate analyses. A diagnosis of tumor was associated with a higher rate of overall complications (5 of 39 [12. 8%]), although these events were mostly minor and were all nonneurological; the 5 complications that occurred in patients with a tumor consisted of 2 episodes of bradycardia, 2 episodes of groin site bleeding, and 1 retained catheter (Table 4) .
The major weakness of this study, as has been the case for all previous studies of neurointerventional morbidity in adults and of morbidity with diagnostic angiography in children, is its retrospective nature. Moreover, followup evaluation was performed by the treating physician; thus, the examinations were not routinely performed by a third party. However, any report by the parents or child of a deviation from neurological baseline or the elicitation of any deviation from neurological baseline on examination triggered a formal consultation by the neurology service. Finally, in young children treated while still achieving neurodevelopmental milestones (e.g., an infant who is undergoing embolization of a VOGM), it is intrinsically difficult or impossible to disentangle late-appearing milestones or disabilities (e.g., slight language delay as a toddler or learning disabilities in grade school) as effects of the underlying pathology versus possible treatment morbidity.
conclusions
Our results suggest that in high-volume centers that routinely treat pediatric patients, neurointerventional procedures can be performed with a safety profile in children as good as or better than that in adults. Neither the unique cerebrovascular conditions treated nor the anatomical and physiological challenges in the pediatric population need translate into increased procedural morbidity. 
